The purpose of the present study was to clarify the temporal changes of the apparent diffusion coefficients (ADCs) of cerebral metabolites during early focal ischemia using stimu lated echo acquisition mode with short echo time at a 7 T magnet to assess the pathophysiology of the reduction in dif fusion properties observed both in the ischemic cerebral hemi sphere and in the contralateral hemisphere, The ADCs of me tabolites in the infarcted hemisphere I hour and 3 hours after the onset of ischemia decreased with 25% and 29% for choline containing compounds (Cho), 16% and 26% for creatine and phosphocreatine (Cre), Cerebral vascular disorder is one of the most fatal diseases despite current advances in medical science. Acute cerebral infarction causes a long-term, serious se quelae because of the lack of any established therapy to treat this disorder. Unlike cerebral infarction in animal models, a stroke in humans involves much variability in terms of infarcted volume, infarcted location, patterns of collateral flows, complication of disease, and patient's age (Sorensen et aI., 1996; Alison and Warach, 1998) . In the diagnosis of acute cerebral ischemia, it is important to understand the extent of reversible ischemic penum bra, to distinguish it from unsalvageable infarcted tis- 
sues, and to determine appropriate therapies such as in terventional therapy including an intra-arterial injection of thrombolytic agents or conservative medical therapies (The National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group, 1995; Fisher, 1997) . However, methods that enable noninvasive observation of the pathophysiologic state of the affected brain tissue have been limited. In current clinical settings, a thera peutic strategy is often determined according to the du ration from the onset of stroke. However, in some cases this may not be pertinent because of the variability be tween pathologic conditions described above.
Diffusion weighted imaging (DWI) may provide use ful information with respect to the structures of cells, membrane permeability, transport processes, and tem perature (Stejskal and Tanner, 1965; Le Bihan et aI., 1986) . Clinically, DWI plays an indispensable role in delineating hyperacute cerebral ischemia (Moseley et aI., 1995; Sorensen et aI., 1996) , a demyelinating disease (Christiansen et aI., 1993) , and diffusional anisotropy of the white matter (Moseley et aI., 1990a) and also aids in distinguishing arachnoid cyst from epidermoid cyst (Tsuruda et aI., 1990) . Especially, DWI is used to detect ischemic injury of the brain within a few minutes after an arrest of blood flow (Moseley et aI., 1990b) . Diffusion weighted imaging is, however, based on the diffusivity of water protons. Water is a ubiquitous substance in the living tissue, existing both in the intracellular and extra cellular spaces. The signal intensity of DWI depends on the apparent diffusion coefficients (ADC) of the two compartments, the relative volume fractions, and the ex change rate of water through the membranes between these compartments. Therefore, water may not be the suitable molecule to elucidate structures and functions of the affected cells. Many investigators have been trying to discriminate between irreversible infarcted tissue and salvageable ischemic penumbra with the ADC of water protons, but in vain (Roussel et aI., 1994; Hoehn Berlage, 1995; Kohno et aI., 1995; Moseley et aI., 1995; Sorensen et aI., 1996) .
Ischemic penumbra is still perfused at a level between the threshold of functional impairment and morphologi cal integrity, which still has a capacity to recover if the perfusion is restored to a normal level (Astrup et aI., 198 1) . Most articles have suggested that though DWI cannot visualize ischemic penumbra, it can delineate eventually infarcted tissues due to the deterioration of energy state and ion homeostasis. Moreover, the patho physiologic etiologies for the ADC reduction as well as the diagnostic implications of the ADC changes of water protons for tissue viability remain unclear.
To gain more specific insights into molecular mobility in the intracellular environment with regard to cytotoxic edema during early focal cerebral ischemia, it would be beneficial to assess the diffusion properties of metabo lites, such as N-acetylaspartate (NAA), creatine and phosphocreatine (Cre), and choline containing com pounds (Cho), which exist exclusively in the intracellular space under normal conditions (Merboldt et aI., 1993; Nicolay et aI., 1995; Wick et aI., 1995; van der Toorn et aI., 1996) .
Assessment of ADCs of these metabolites may pro vide changes in diffusivity specific to the intracellular environment and can be a noninvasive means for differ entiating infarcted tissue from ischemic penumbra. Evaluation of diffusion properties of water protons could not provide these kinds of information.
The deterioration to ischemic cells is exacerbated with duration from the onset of insult. Measuring a temporal profile of ADC values may help clarify underlying pathophysiological changes in neuronal cells during hy peracute ischemia. Changes in signal intensity of DWI and ADC of water at various time points after an isch emic insult have been documented (Jiang et aI., 1993; Grohn et a!., 1998; Norris et a!., 1998) . However, a de tailed analysis of the temporal evolution in the ADCs of metabolites both in the ischemic and nonischemic hemi sphere has never been reported.
Some studies have shown that cerebral blood tlow and metabolism in the hemisphere contralateral to the unilat eral cerebral infarction may alter because of a loss of remote inhibition or a loss of remote facilitation (tran shemispheric diaschisis) (Tamura et a!., 1981; Andrews, 1991) . Most measurements of the contralateral cerebral blood flow and metabolism show a decrease over the first week, followed by a gradual return toward the base line. The ADC of water in the contralateral hemisphere during hyperacute unilateral cerebral ischemia does not show any changes. However, the ADCs of metabolites specific to the intracellular environment may show tran shemispheric diaschisis.
Almost all ADC measurements on metabolites using proton spectroscopy have been conducted with a rela tively long echo time (60 to 136 milliseconds [ms]), al though short echo time would increase signal-to-noise ratio. Therefore, in this study we used stimulated echo acquisition mode sequence, which can accomplish both short echo time (TE) and high b value, simultaneously.
MATERIALS AND METHODS
All experiments were performed using a 7.05 T horizontal spectrometer (UNITY plus-SIS 3001183, Varian) equipped with an actively shielded gradient up to 120 mTlm per axis using a 2-cm diameter surface coil. Diffusion-weighted spec troscopy was accomplished with the stimulated echo acquisi tion mode sequence (TRITE/TM = 3000130/40 ms). Unipolar diffusion gradients, whose duration was 6 ms and whose sepa ration was 54 ms, were applied simultaneously in the three axes during both TE/2 intervals. Manual shimming on the selected voxel was preformed with linear gradient shims by maximizing the absorption peak height of the water resonance. The spectral width was 3200 Hz, with a spectral resolution of 4096 points.
Phantom study
The relative concentrations of the metabolites except lactate were adjusted to mimic those in the normal rat brain in vivo:
ChoCl 10 mmollL, creatine 50 mmollL, and NAA 60 mmollL (Gyngell et aI., 199 I; Ryner et aI., 1995) . The concentration of lactate was 60 mmollL, and the pH of this aqueous solution was adjusted to 7.4 with phosphate buffer. In the in vitro diffusion experiment (n = 6), the volumes of interest (VOl) were 6 x 6 x 6 mm3 in size. The temperature were maintained at 20°C using a hand-made Plexiglas holder, circulating heated water, and an optical fiber thermometer (FT 1110, Takaoka, Japan).
Both in water (8 acquisitions) and metabolite (192 acquisitions) diffusion study, using the gradients of 30, 40, 50, 60, 70 mTlm,  resulted in the corresponding b values of 361.7,643.0, 1004.6, 1446.7, 1969 .1 sec/mm2, where three CHESS water suppres sion pulses were used.
Control study
Eight male Wi star rats, 250 to 350 g, were orally intubated and ventilated with 1 to 1.5% halothane for anesthesia. Left femoral arteries and veins were catheterized for continuous monitoring of arterial blood pressure and periodic arterial blood gas analysis, and for drug infusion. Rectal temperature was continuously monitored with the optical fiber thermometer and maintained around 37°C by using the hand-made holder circu lating heated water. After taking multi slice T2 weighted images (TRITE = 1500/40 ms; slice thickness 2mm), 3.6 x 3.6 x 6.0 mm3 VOIs were selected in both hemispheres in a mirrored fashion. In water diffusion study (8 acquisitions), using the gradients of 30, 40, 50, 60, 70, 80 mT/m, resulted in the cor responding b values of 361.7, 643.0, 1004.6, 1446.7, 1969 .1, and 2571.1 sec/mm2. In metabolite diffusion study (192 acqui sitions) , using the gradients of 30, 50, 70, 85, 100 mT/m, resulted in the corresponding b values of 361.7, 1004.6, 1969.1, 2903.4 , and 4018.6 sec/mm2, where three CHESS water sup pression pulses were used.
The data were tested for statistical significance using a paired Student's t-test, where the ADCs of water and metabo lites in one hemisphere were compared with those in the other hemisphere.
Focal ischemia study
The manner of animal preparation was analogous to that described in the control study section. Focal cerebral ischemia All free induction decays were zero-filled at the 8192 points.
The free induction decays acquired in the phantom study were not line broadened to assess distortions induced from residual eddy currents. However, the free induction decays acquired in the animal experiments were processed with a 2 Hz linebroad ening. After manual correction for phase, the peaks of Cho, Cre, NAA, and lactate were fitted by means of a least squares curve fitting method, assuming a Lorentzian lineshape. Semi logarithmic plots of the peak heights acquired versus b factor were fitted to the equation SIS a = e-b'ADC to obtain the ADCs of metabolites. If the correlation coefficient of the fitting was less than 0.9, the acquired ADC value was abandoned.
RESULTS

Phantom study
The measured ADC values of the phantoms agreed well with the reported values (Merboldt et aI., 1993; Nicolay et aI., 1995; van der Toorn et aI., 1996) mm 2 /s), creatine 8.5 ± 0.3 (x 10-4 mm 2 /s), and NAA 6.5 ± 0.2 (x 10-4 mm 2 /s) ( Table I ). The ADC of lactate was 9.5 ± 0.2 (x 10-4 mm 2 /s). We did not observe any eddy currents effects, though we did not perform the line broadening process (Fig. 1) .
Control study
The blood pressure and arterial blood gas data during the experiments were within normal limits as shown in Table 2 . The ADCs of water and metabolites in the right and left hemispheres were 7.0 ± 0.2, 7.0 ± 0.2 (x 10-4 mm 2 /s) for water, 1.5 ± 0. 1, 1.5 ± 0.2 (x 10-4 mm 2 /s) for Cho, 1.8 ± 0.2, 1.9 ± 0.2 (x 10-4 mm 2 /s) for Cre, 1.8 ± 0.2, 1.8 ± 0. 1 (x 10-4 mm 2 /s) for NAA, respectively ( Table I ). There were no significant differences of the ADCs of water and metabolites in the left and right hemispheres (paired Student's t-test).
Focal ischemia study
Diffusion-weighted imaging and triphenyltetrazolium chloride histological staining specimens confirmed that all rats had hemispheric infarct. The blood press and arterial blood gas data during the experiment were within the normal range as shown in Table 2 . Figure 2 shows a representative DWI of a rat with hemispheric infarct, measured about 30 minutes after MCA occlusion. A rep resentative series of diffusion-weighted spectra is shown in Fig. 3 .
Apparent diffusion coefficient of water
The ADC of water in the infarcted hemisphere signifi cantly decreased I, 3, 5, and 7 hours after occlusion, compared with that of the noninfarcted hemisphere 2 hours later (P < 0.00 1, Fisher's protected least significant difference) (Fig. 4A ). In the infarcted hemisphere, there was no significant change from 1 to 3 hours, 3 to 5 hours and 5 to 7 hours. But from 1 to 5 hours (P < 0.05) and 1 to 7 hours (P < 0.0 I), the ADC of water significantly reduced, suggesting it has gradually decreased in the in farcted hemisphere during the acute phase. In the non infarcted hemisphere, there was no significant difference between the ADCs of water throughout the experiment. The values are given as mean ± standard deviation. MABP. mean arterial blood pressure.
Apparent diffusion coefficient of choline-containing Compounds
The ADC of Cho in the infarcted hemisphere signifi cantly decreased 1, 3, 5, and 7 hours after occlusion, compared with that of the noninfarcted hemisphere 2 hours later (P < 0.00 1) (Fig. 4B ). In the infarcted hemi sphere, the ADC significantly reduced from 1 to 7 hours (P < 0.05). In the noninfarcted hemisphere, there was no significant decrease from 2 hours to 4 hours. However, there was significant reduction from 4 to 6 hours (P < 0.0 1) and 6 to 8 hours (P < 0.0 1).
Apparent diffusion coefficient of creatine! phosphocreatine
The ADC of Cre in the infarcted hemisphere signifi cantly decreased 1, 3, 5, and 7 hours after occlusion, compared with that of the noninfarcted hemisphere 2 hours later (P < 0.00 1) (Fig. 4C) . Though the ADC showed significant reduction from 1 to 3 hours (P < 0.0 1) and from 5 hours to 7 hours (P < 0.05) in the infarcted hemisphere, there was no significant change from 3 to 5 hours. In the noninfarcted hemisphere, there was no sig nificant decrease from 2 to 6 hours. However, there was a significant reduction from 6 to 8 hours (P < 0.05).
Apparent diffusion coefficient of N-acetylaspartate
The ADC of NAA in the infarcted hemisphere was significantly decreased I, 3, 5, and 7 hours after occlu sion, compared with that of the noninfarcted hemisphere 2 hours later (P < 0.001) (Fig. 4D) . In the infarcted hemisphere, there were no significant changes at any time. In the noninfarcted hemisphere, there was no sig nificant decrease from 2 hours to 6 hours. However, there was significant decrease from 6 to 8 hours (P < 0.00 1).
FIG. 1.
Representative diffusion-weighted localized proton spec tra from an aqueous solution of 10 mmol/L ChoCI, 50 mmol/L creatine, 60 mmol/L N-acetylaspartate, and 60 mmollL lactate adjusted to pH 7.4. The diffusion-weighting increases from top to bottom (b value: 361.7,643.0,1004.6, 1446.7,1969 .1 sec/mm2, TRITEITM = 3000/30/40 ms, volume of interest = 6 x 6 x 6mm3) and are delineated without linebroadening to identify residual eddy current effects. Assignments: 1, choline; 2, creatine; 3, N acetyl aspartate; and 4, lactate. TE, echo time; TR, repetition time.
Apparent diffusion coefficients of lactate
The peak of the lactate in the noninfarcted hemisphere could not be detected (Fig. 4E) . In the ADC of lactate in the infarcted hemisphere, there were no statistically sig nificant changes throughout the experiment.
DISCUSSION
There are three important findings in the present study: (I) ADC reduction of water and metabolites in the ischemic hemisphere at each time point, compared with the ADCs in the contralateral hemisphere 2 hours after stroke, (2) sequential reduction of the ADCs of water, Cho, and Cre in the infarcted hemisphere, and (3) non ischemic areas in the infarcted hemisphere were in cluded in the measured VOL Therefore, the ADC of the metabolites in the infarcted hemisphere was thought to partly include penumbra and noninfarcted areas. It is very difficult to have a rat model with complete infarc tion throughout the hemisphere while having no isch emia in the contralateral hemisphere. As well, the VOl could not be lessened in order to keep enough signal-to noise ratio of signal intensity originated from metabolites with very low natural abundance, compared with water. The ADCs of metabolites in the infarcted hemisphere 1 hour and 3 hours after MCA occlusion were 25% and 29% for Cho, 16% and 26% for Cre, and 19% and 19% for NAA, respectively. All these values were signifi cantly lower than the ADCs in the noninfarcted hemi sphere 2 hours later. The changes in the ADCs of me tabolites were larger than that of water, and it was as sumed that the diffusion properties of metabolites were more sensitive for detecting ischemic neuronal damage than that of water. Even in the noninfarcted hemisphere, ischemia-related decrease of ADC was observed (trans hemispheric diaschisis), and it may be well that the decrease in diffusivity is present not only in the penum bra, but also in nonischemic areas in the infarcted hemi- Representative diffusion-weighted localized proton spectra from the volume of interest (VOl) in the infarcted hemisphere about one hour after MeA occlusion. The diffusion-weighting increases from top to bottom (b value: 361.7, 1004.6, 1969.1, 2903.4 , and 4018.6 sec/mm2, TRITEITM = 3000/30/40 ms, VOl = 3.6 x 3.6 x 6mm3) and are delineated with 2 Hz linebroadening. Assignments: 1, choline containing compounds; 2, creatine and phosphocreatine; 3, N-acetylaspartate; and 4, lactate. TE, echo time; TR, repetition time.
sphere (intrahemispheric diaschisis) (Andrews, 1991) . At present, individual measurements of ADC in the above mentioned three sites (noninfarcted areas in the infarcted hemisphere, penumbra, and the infarcted area) are diffi cult because the voxel measured was too large, and in trahemispheric diaschisis could not be confirmed. In the future, improvement of spatial and time resolution in the spectroscopic measurement may enable to measure the ADCs in a smaller voxel. By measuring the ADCs of metabolites, we will be able to predict the outcome of neuronal cellular damage in the early stage of cerebral ischemia, resulting in the noninvasive delineation of pen umbra along with the infarcted area, which will provide a great impact on the strategy of treatment for patients with cerebral infarction. Van der Toorn and coworkers (1996) reported that the ADCs of Cre and NAA in the infarcted hemisphere 3 hours after MCA occlusion was significantly lowered (29% and 19% for Cre and NAA, respectively) compared with the noninfarcted hemisphere, although the ADC of Cho did not show significant decrease. These results re garding the ADCs of Cre and NAA agreed well with our data. They did not give explanation for absence of sig nificant reduction in the ADC of Cho. It may not be appropriate to compare our results with their results be cause of the different experimental models and proce dures. In their series, MCA occlusion was accomplished with Fisher rats using Brint's model. Some data concern ing the ADC of Cho were excluded in their series be cause a good fitting could not be obtained. A further investigation would be necessary to elucidate the ADC of Cho in rats with hemispheric infarct. Wick and coworkers (1995) reported the ADC changes of water and cerebral metabolites using rat models with transient global cerebral ischemia. They reported with the assumption that signal intensity of each metabolite did not change during and after transient ischemia, the decrease in the ADCs during ischemia and about 40 min utes after reperfusion were 28% and 13% for Cho, 35% and 21 % for Cre, 12% and 13% for NAA, and 46% and 23% for myo-inositol, respectively, showing statistically significant differences. Their results were similar to our results with respect to the higher rate of changes in the ADCs of Cho and Cre than that of NAA, and that Cho and Cre showed higher sensitivity than NAA as a ba rometer of ischemic damage. Although the present study does not provide clear evidence for higher sensitivity of Cho and Cre, it may be related to the function of these metabolites in the intracellular space.
It is impossible to compare the ADCs of lactate in the infarcted and noninfarcted hemisphere because the amount of lactate in the noninfarcted cerebral tissue is very minute, and thus cannot be detected by I H-MRS. However, the results of van der Toorn et al. (1996) and those of our study are in agreement in that the ADC of (Chenevert et al., 1990; Moseley et al., 1990a; Sakuma et al., 199 1) . Similarly, anisotropic diffusion in metabolites has been reported in the human cerebral white matter (Henriksen et al., 1995) . If anisotropic diffusion exists in 
the brain of rats, the ADC acquired would be the pro jected component of diffusion tensor to a certain axis. Therefore, the ADC value may depend on the directional difference between the axes of the magnet and the brain.
However, the voxel size of 3.6 x 3.6 x 6.0 mm 3 used in this study includes the white matter with various fiber orientation, and therefore, anisotropic diffusion was thought to be averaged and cancelled. The parameters applied to obtain the ADCs of the metabolites in our study required 48 minutes in one ses sion. Since we examined hyperacute cerebral infarction, the concentration and T2 value of metabolites may be altered during measurement. If this was true, changes in signal intensity in accordance with alteration of concen tration and T2 might result in erroneous calculation of ADC. But it was reported that signal intensities and re laxation properties of Cho, Cre, and NAA were not al tered between 3 to 6 hours after the onset of ischemia but did decrease 24 hours after stroke (van der Toorn et aI., 1995) . Therefore, it was unnecessary to consider the al teration in concentration and T2 of metabolites in our study since the measurement was finished within 9 hours after the onset of ischemia.
A major factor contributing to the reduction in the ADC of water in the cerebral ischemia so far has been suggested to be structural distortion of extracellular space. The reduction in volume of the extracellular fluid in the cerebral tissues occurs in accordance with cytotoxic edema (van der Toorn et aI., 1996; Niendorf et aI., 1996) . However, in this study, we observed the decrease in the ADC of metabolites, which could not be attributed to the increased fortuosity in the extracellular space be cause these metabolites were found mainly inside the cell under normal conditions. The membrane may become leaky under pathological condition such as stroke, and then part of metabolites may move to the extracellular space. This would probably cause the ADC values to be higher, because it is expected that the ADC of metabo lites in the extracellular space is higher than that in the intracellular space. The decrease in the ADC of water during cerebral ischemia was ascribed to the increase in tortuosity in the extracellular space, and we could esti mate that the decrease in the ADC of metabolites as well as water was originated from the increase of the intra cellular tortuosity, which could be caused by the frag mentation of intracellular molecular structures and dis sociation of microtubles.
A drawback of the present report was that the duration of anesthesia was quite long for rats. There has been no report that describes the anesthetic effect on diffusion properties, to our knowledge, and thus further investiga tion on this point is necessary. However, the anesthetic agent halothane is widely used to study cerebral ischemia and has a minor effect on cerebral metabolism. Although the ADC of water did not show any change in the non infarcted hemisphere, the ADC of metabolites decreased sequentially in our study. This result suggested that the diffusion properties of metabolites might have unique information about intracellular circumstance, which that of water molecule cannot provide.
The result worthy of special mention in the present study was the decrease in the ADC of metabolites in the noninfarcted contralateral hemisphere of rats with cere bral hemispheric infarct. Many reports have shown that the ADC of water in the nonischemic hemisphere con tralateral to the ischemic hemisphere does not have any changes, as in this study. However, significant decreases in the ADC was observed in Cho from 4 to 8 hours, in Cre from 6 to 8 hours, and in NAA from 6 to 8 hours, respectively. Compared with the ADC of the nonin farcted hemisphere 2 hours after occlusion, there were decreases with 21 % for Cho, 7% for Cre, and 18% for NAA 8 hours later. The decrease in the ADCs of Cho and Cre in the noninfarcted hemisphere was smaller than those in the infarcted hemisphere but the ADC of N AA in the noninfarcted hemisphere was decreased almost equally to that in the ischemic hemisphere 8 hours later. Van der Toorn and coworkers (1996) reported that there were no significant changes in the ADC of Cho at 24 hours, compared with the ADC 3 hours after occlusion; however, the ADC of Cre and NAA did show significant decreases of 18% and 19%, respectively. In our study, the ADC of Cre, a sensitive marker of ischemia in the infarcted hemisphere, reduced less than the ADCs of Cho and NAA in the noninfarcted hemisphere 8 hours after ischemia. This result indicated that the cause of the de crease in the ADC of metabolites was different in the infarcted and noninfarcted hemisphere in rats with focal cerebral ischemia. t he decrease in the ADC of Cre may appear to be prominent later than the other two sub stances although we cannot determine this since we did not measure the ADC of metabolites 24 hours or more after ischemic insult.
Andrews (199 1) described the changes in various pa rameters, such as electrical activity, blood flow, and me tabolism, in the hemisphere contralateral to the unilateral hemispheric infarction. He indicated that there were many reports stating that animal models within 24 hours of the onset of infarction showed decrease of cerebral blood flow and local oxygen metabolites and glucose metabolites. Though there have been no reports that show the relationship between these parameters and the ADC of metabolites, the decreased ADC of metabolites is expected to be one of the transhemispheric diaschisis. One of the important factors contributing to the tran shemispheric diaschisis may be the decrease in cerebral blood flow. Compared with the ADC decrease in the infarcted and noninfarcted hemispheres, the decrease in cerebral blood flow of the noninfarcted hemisphere con tralateral to the ischemic hemisphere was relatively mild (80% to 90% of the normal level) (Kogure et aI., 1980 Tamura et aI., 198 1). Therefore, we cannot conclude that only the blood flow decrease is responsible for reducing the ADC of metabolites in the noninfarcted hemisphere, There should not have been increases in intracellular and extracellular tortuosity in the non infarcted hemisphere, as seen in the ADC changes in the infarcted hemisphere. These suggest factors other than intracellular viscosity and intracellular and extracellular tortuosity-such as re mote effects through transsynaptic neural pathways contribute to the decrease in the ADC of metabolites in rats with focal cerebral ischemia.
